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Abstract Reflections of the GNSS signal around the
antenna induce an error in the measurement of the satel-
lite–receiver distance and therefore should be avoided as
much as possible. One solution often used to mitigate these
reflections is to apply radio frequency (RF) absorbing
material to the antenna, its support or its site. Such material
could however alter the antenna phase delay and, in turn,
alter the position as calculated from the GNSS observa-
tions. We explain under which conditions the RF material
will or will not alter the antenna phase delay, and hence in
which conditions a re-calibration of the antenna is neces-
sary after the installation of absorbing material. Further-
more, rules of thumb are given to install the material in
such a way that re-calibration can be avoided. Some basic
theory and measurements of the influence of RF material
are reviewed. An application to a real life absorber setup
similar to one of the International GNSS Service reference
stations is then discussed, and the position offset due to the
absorbing material is demonstrated. The topics discussed
can serve station managers to limit effects of absorbing
material and take precautions to avoid a position bias.
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Introduction
Any Global Navigation Satellite System (GNSS) relies
on the propagation times of signals between satellites
and receiver to calculate the position of a user. A signal
arriving at the receiver that did not follow the direct
line-of-sight (LOS) path between satellite and receiver
has a longer propagation time and consequently induces
an error in the positioning. This is obvious in case the
direct signal is obstructed, but is also true otherwise.
Then both the direct and reflected signal will interfere at
the antenna. Only the combination of both signals,
having a phase and code correlation different from the
correct one in the direct signal, will be known to the
receiver.
From a theoretical point of view, any reflected signal
should be prevented from reaching the GNSS receiver
antenna. But, the issue is not only theoretical in nature.
Plenty of literature reports performance degradation linked
with this phenomenon of multipath propagation (Parkinson
and Spilker 1996; Zhuang and Tranquilla 1995).
Often radio frequency (RF) absorbing material is used to
tackle multipath issues. Such material can be applied to
metallic objects or metal screens in the surroundings of the
antenna, in order to attenuate reflections on these metallic
objects or screens. Alternatively, it can be applied to the
antenna itself to lower the antenna sensitivity to signals
arriving at low elevations, which are indirect signals in
most cases, see Kerkhoff et al. (2010) and Ning et al.
(2011). Some antennas on the market include RF absorbing
material to suppress surface waves on the antenna, see
Krantz et al. (2001).
The RF absorbing material attenuates an incoming wave
by dissipating its energy as heat. But, it does not eliminate
the wave completely, as it does not dissipate 100 % of the
W. Aerts (&)  C. Bruyninx  P. Defraigne
Royal Observatory of Belgium, Ringlaan 3, B-1180 Brussels,
Belgium
e-mail: wim.aerts@oma.be
G. A. E. Vandenbosch
ESAT-TELEMIC, Katholieke Universiteit Leuven, Leuven,
Belgium
P. Zeimetz
Institut fu¨r Geoda¨sie und Geoinformation, Universita¨t Bonn,
Bonn, Germany
123
GPS Solut
DOI 10.1007/s10291-014-0428-y
energy. This is due to the finite loss in any such material in
practice.
We discuss the effect of RF absorbing material on the
phase of the GNSS signal as received by the antenna. This
is important for high precision positioning, which relies
heavily on the phase observable. At the beginning, we
review some basic antenna parameters which will be nee-
ded further in the discussion. Then, we detail how RF
absorbing material alters the observed phase at the antenna
connector, potentially leading to a different position as
calculated from the GNSS observations, and show some
measurements that illustrate the effect. The conclusions
provide recommendations when applying RF absorbing
material to GNSS reference stations.
Review of antenna terminology
The terminology and measurable quantities used through-
out the text are introduced. This material can be found in
Staelin et al. (1994) or other literature and can be skipped
by the experienced reader.
Antenna regions
Essentially, an antenna is a transition part to convert guided
electromagnetic waves into free-space waves or vice versa.
At this transition, the magnitude and direction of electric
and magnetic fields, and their ratio change. This change
only occurs gradually in and around the antenna. The space
around the antenna is generally divided into three zones or
regions: the reactive near field, the radiating near field, and
the radiating far field. The boundaries between these zones
are not well defined due to the continuous nature of the
transitions.
The example of a dipole antenna illustrates this. The
analytic expressions for the electric E~ðrÞ and magnetic
H~ðrÞ field at a distance r from a dipole of length l carrying
a current I are (Lee 1984):
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with b = 2p/k being the wave number and i~r, i~h, and i~/ the
unit vectors in a spherical (r, h, /) coordinate system.
Depending on whether 1/r, 1/r,
2 or 1/r3 dominates, the
space around the antenna can be divided into the three
zones already mentioned. But, the transition is not abrupt
as the terms only gradually change as a function of r.
Consequently, the distance where the radiating far field
starts is fuzzy. It is, e.g., commonly assumed that the ratio
between electric E~ff and magnetic H~ff field strength in the
far field equals the characteristic or intrinsic (Balanis 2005)
impedance of free space g0ð 120pÞ:
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with e0 and l0, respectively, being the electric permittivity
and permeability of vacuum. In Fig. 1, the ratio between
electric and magnetic field as calculated from (1) is
depicted. This reveals that the approximation of (2) only
holds at r = ?. Hence, the far field boundary can only be
chosen based on the application and the deviation from g0
that it can tolerate.
For more complex antennas, e.g., when mounted on a
choke ring, the formulas no longer hold. In such case,
electromagnetic field simulations or measurements can be
used to determine the far field boundary. The wave
impedance as obtained from a Numerical Electromagnetics
Code (NEC) (Burke et al. 1979) full wave near field sim-
ulation for a dipole on a choke ring is shown in the figure.
From this, it can be concluded that a choke ring does alter
the fields close to the antenna but that its influence on the
boundary between near and far field is limited.
Measurable antenna properties
Only those parameters and symbols that are relevant for the
remainder of the text are introduced here. For an overview
of antenna parameters, the reader is referred to an antenna
handbook, such as Staelin et al. (1994).
The phase of the radiation pattern describes the phase
delay that is added by the antenna as a function of the
azimuth and elevation angles of the signal arrival. This
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Fig. 1 Wave impedance around a dipole
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quantity is equivalent to the Phase Center Correction
(PCC). The latter is typically used in high precision posi-
tioning applications.
The scattering parameter S11 of an antenna is defined as:
S11 ¼ V

Vþ
ð3Þ
which is the ratio between the applied V? and reflected V-
wave at the antenna connector. Ideally, an antenna is per-
fectly matched to its feeding cable, i.e., the antenna input
impedance should be equal to the cable characteristic
impedance. In such case, V  0 and S11 = 0 or -? dB.
Effect of RF absorber on PCC and position
This section explains theoretically how RF absorbing
material alters the phase delay of an antenna, using the
antenna theory given earlier. We then demonstrate this
effect by analyzing measurements of the antenna parameter
S11 that was defined above. In the third subsection, the
impact of RF absorbing material on the calculated position
is demonstrated for a setup similar to one of the Interna-
tional GNSS Service (IGS) reference stations.
Effect of RF absorber in theory
Material at any distance from the antenna influences the
phase of the received signal at the antenna connector.
When the material is in the LOS between transmitting and
receiving antenna, this is obvious: The material alters the
propagation speed of the signal. The magnitude of this
effect is independent of the distance to the receiving
antenna, but definitely depends on the signal path length
inside the material. An example of such ‘‘material’’ is the
ionosphere.
If the material is not in the LOS, there is an effect, too.
In this case, the magnitude of the effect depends on the
distance between the antenna and the absorbing material.
Throughout the following discussion, the antenna is
assumed to be transmitting. Due to the reciprocity theorem
(Neiman et al. 1943), the findings apply to receiving
antennas as well.
Materials placed in the reactive near field of an antenna
interfere with the quasi-static fields around the antenna.
This changes the impedance as seen by the current on the
antenna, which results in a different current profile. Unless
the new current profile only differs in magnitude from the
original profile, such change is very likely to result in a
different radiation pattern of the antenna, and hence in a
different PCC. Materials placed in the radiating near or far
field of the antenna reflect or scatter the radiated fields back
to the antenna. This again induces currents on the antenna,
altering its current profile and very likely its PCC. The
further away from the antenna, the weaker this effect will
be due to the free-space attenuation.
The attenuation of this effect with increasing antenna to
absorber spacing has a second cause. A typical RF
absorbing material is designed to have a low level of
reflection. It is tailored such that the top of the absorbing
material has material properties e and l close to those of
air. An incident free-space wave hence does not meet a
material discontinuity and will not reflect, but enter the
absorbing material. Inside the material, the wave imped-
ance gradually increases with depth. This is obtained by
gradually changing the carbon concentration or by cutting
the material in a conical or pyramidal shape (Emerson
1984).
The reflection coefficient on such RF absorbing mate-
rial, as a function of the distance r from the dipole source,
can be found as:
C rð Þ ¼ g0  ZðrÞ
g0 þ ZðrÞ
ð4Þ
with Z(r) is the complex wave impedance at distance r,
which equals to the ratio of the transversal electric and
magnetic field:
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The resulting CðrÞ is graphed in Fig. 2. From this, it
becomes clear that for a larger antenna to absorber spacing,
a lower level of reflection on the RF absorbing material can
be expected and consequently, the distortion of the current
profile and the PCC will be smaller.
Again, the formulas only hold for dipoles in free space.
For more complex antennas, a simulation or measurement
is recommended. For a dipole on a choke ring, the result of
a NEC simulation is depicted in Fig. 2. Measurements of
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Fig. 2 Reflection on absorber at distance r in front of a dipole
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the effect of RF absorbing material as a function of r on
GNSS antenna properties are discussed below.
Demonstration of the effect with measurements
Directly measuring the current profile on an antenna is not
feasible. Therefore, the change in antenna scattering
parameter S11 as a function of distance between absorber
and antenna was measured. Such change indicates an
interaction between the absorbing material and the antenna
and hence indicates a change in the current profile.
Figure 3 displays two S11 scattering parameter mea-
surements, for a Dorne-Margolin (DM) C146-1-6 element
with serial no. 0283 with and without an Allen Osborne
Associates choke ring, respectively. The non-solid curves
in different line styles on the figures correspond to different
antenna to absorber spacing. The setup remained identical
in all cases, except for the location of the absorbing
material. The thin solid curves are reference curves, cor-
responding to the values of S11 in the absence of absorbing
material, indicated as infinite (?) spacing on the graphs.
For these reference curves, multiple identical measure-
ments were carried out between the measurements with the
absorbing material in order to get an idea on their repeat-
ability. In our results, the reference measurements differ by
at most 2 dB for values above -30 dB.
From the figures, it can be concluded that for a certain
absorber to antenna spacing, the deviation of S11 from the
reference case without absorber decreases with increasing
frequency. This is because for increasing frequency more
wavelengths fit in a fixed physical distance. A second
conclusion is that for increasing antenna–absorber dis-
tances, the deviation from the reference measurement
decreases. From a certain distance onwards, this deviation
is buried in measurement noise and becomes smaller than
the measurement repeatability. For the DM element with-
out choke ring, this distance is roughly 10 cm. For the DM
element with a choke ring, this is already the case for a
distance of 0 cm. Note that this 0 cm is referred to the
bottom of the preamplifier cavity in the choke ring, which
adds approximately 10 cm to the distance from the DM
element itself, see Fig. 4. Similar measurements with
absorber in front of the antenna showed measurable devi-
ations from the reference curves up to a distance of 60 cm.
As the S11 measurement was dominated by the output
circuitry of the DM antenna element, it is possible that
even for distances where no change in scattering parameter
was measured, still some changes in PCC occur. For that
reason, a phase calibration measurement as explained in
the following subsection is deemed more appropriate to
evaluate the influence of absorber on the antenna phase
delay. The S11 measurement was merely shown for illus-
trative purposes.
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Fig. 3 Influence of absorber–
antenna distance on S11, without
(top) and with (bottom) choke
ring. The graphs on the left
show the measurement results.
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the reference curves of the same
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Effect of RF absorber on positioning
The theory and measurements discussed so far made clear
that RF absorbing material close to the antenna or in the
LOS influences the antenna current profile and hence very
likely alters the antenna PCC. This section will demon-
strate that such change in PCC induces a change in position
as calculated by the receiver.
Two different PCC calibrations of the same Ashtech
ASH701945C_M antenna with serial number
CR620002301 were performed. One with the choke ring
buried in a 610 9 610 mm2 tile of Emerson & Cuming
Eccosorb ANW-79 RF absorbing material, and one without
the absorbing material. A photograph of the antenna during
calibration with absorbing material is shown in Fig. 5. The
phase differences converted to distances, between both
measurements, are depicted in Fig. 6 for some common
GNSS frequencies. The deviation is partly due to the fact
that the material is in the LOS. But besides that, a mea-
surable change in S11 due to the absorbing material was
observed, in a similar antenna with its filter and amplifier
removed. At low elevation, the RF absorbing material
causes a difference in PCC calibration of up to 5 mm on
the GPS L2 frequency.
In order to quantify the impact of this calibration on the
position calculation, we computed the antenna position of a
station equipped with ANW-79, relative to a reference
station with known and fixed coordinates, for the period
2008-03-19 (DOY 79) to 2008-09-22 (DOY 266). The
baseline between both stations was approximately 54 m.
Calculations were carried out using the Bernese GNSS
software v5.0, in a baseline solution mode with ambiguities
with choke ring
0 cm
−5 cm
−10 cm
without choke ring
0 cm
−5 cm
−10 cm
Fig. 4 Reference distances for DM element, with and without choke
ring
Fig. 5 Photograph of the ASH701945C_M with ANW-79 in the
anechoic chamber
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Fig. 6 Difference in measured phase converted to mm for an
ASH701945C_M with and without Eccosorb ANW-79 on GPS L1
(top) and L2 (bottom)
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fixed, estimating one position every day. The ANW-79 was
installed from 2008-06-17 (DOY 169) to 2008-09-02
(DOY 246). For that period, the antenna position was
computed twice, once using as antenna model the PCC
calibration with ANW-79 and once using as antenna model
the PCC calibration without ANW-79. For the other days,
to get some reference of the ‘‘correct’’ value, the calcula-
tion was carried out using the calibration without ANW-79.
Figure 7 displays the calculated height component for the
whole period. During the period when the ANW-79 was
installed, a difference of 2 mm in L2 and 1 mm in L1 is
clearly visible between the results obtained with the
antenna calibration without or with the ANW-79.
The results clearly show that embedding an antenna in
RF absorbing material, as, e.g., at the IGS reference station
Onsala, Sweden (ONSA) (Ning et al. 2011), has an impact
on the positioning result and that using a calibration that
takes this material into account leads to more correct
positioning.
Conclusion and recommendations
This article proposed an analysis of the impact of RF
absorbing material in GNSS reference stations on the cal-
culated position. The modification of the antenna PCC due
to RF absorbing material was theoretically explained and
then experimentally demonstrated using S11 measurements.
Finally, a difference of several millimeters in the calculated
position was shown in case of application of RF absorbing
material that was not taken into account during calibration.
The results can serve as basis for recommendations to
station managers. First of all, RF absorbing material should
not be put in the LOS, i.e., it should be below the antenna
horizon. Should the material be applied to objects above
the antenna horizon, make sure that the material is metal
backed to avoid any waves traveling through the material.
Second, should RF absorbing material be applied to the
antenna or its mount, make sure the material is present
during calibration. If calibration including the absorbing
material is impossible, make sure to keep the material out
of the reactive near field of the antenna. For an antenna
without choke ring, the absorber should stay at least 10 cm
below the antenna. For antennas on choke rings, the
absorber should at least be below the choke ring.
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